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2 ICING CHARACTN8l8TICS AND ANTI-ICING HFAT REQU IREMENTSFORHOLLOW 

AND l3TELRNAILYMODIFESDGA8-HEATED INLET GUIDEVANE 

By Vernon H. Gray and Dean T. Bowden 

A two-dimensional inlet-guide-vane cascade was investigated to 
determine the effects of ice forinations on the pressure losses across 
the guide vanes and to evaluate the heated gas flow and temperature 
required to prevent icing at various conditions. A gss flow of approx- 
imately 0.4 percent of the inlet-air flow was necessary for antf-icing 
a hollow mide-vane stage at an inlet-gas temperature of 500 F under 
the following fcing conditions: air velocity, 280 miles perohour * 
water content, 0.9 earn per cubic meter; and inlet-air static te&era- 
ture, O" P. Also presented are the anti-icing gas flows required with 
modifications of the hollow internal gas passage, which show heat- 
input savings greater than 50 percent. 

rNTR0lXJcT1ON 

Ice formations on turbojet-e-e inlet guide vanes cause a pres- 
sure reduction in the air entering the first rotor stage. This pres- 
sure reduction may have the following effects, which when combined may 
become serious enough to necessitate shutdown of the er@ne: reduced 
engine thrust, increased fuel consumptfon, and increased tail-pfpe 
temperature. 

. 

The investigation reported herein was conducted at the NACA Lewis 
laboratory to determine the maepitude of pressure losses caused by 
various ice formations on an unheated inlet guide-vane cascade and the 
heat required to prevent fee formations. A convenient source of heat 
for hollow inlet guide vanes is hot air bled from the compressor out- 
let or hot gas bled from t'ne combustion-chamber outlet. In this 
investigation, heated air was utilized to determine the flow rates 
and temperatures required to prevent icing. Two guide vanes with 
internal modifications were investigated and compared with a hollow 
vane to evaluate the reductions in heating rates possible with 
Internal-flow-passage alterations. 
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The research installation comprised a fixed two-dimensional cascade 
of five vanes that spanned a short rectangular duct mounted in the 6- by 
g-foot icing research tunnel. The vane chord was e inches, the gap 
between vanes was 3$ inches, and the span was 5.9 inches. Vanes of 
smaller chord and gap size may be more effective aerodynamically, but 
will become more qufckly blocked with Lee under icing conditions. In 
addition, smaller vanes are more difficult to equip with internal 
instrumentatfon. 

The range of conditions investigated was as follows: 

Inlet-air velocity, mph . . . S . . . . . . . . . . . . . . 178 to 304 
Inlet-air total temperature, Op . . . . . . . . . . . . . . -23 to 23 
Water content, gram/cu m . . . . . . . . . . . . . . . . . 0.3 to 1.0 
Pressure altitude, ft . . . . . . . . . . . . . . . . . . . below 3500 

Current turboJet engines utilize inlet-air velocities greater than 
those obtaFnable in the-icing research tunnel; from the velocities 
Investigated, however, the anti-icing requirements at higher air- 
velocities DB;Y be estimated. 

Heat requirements for icirg protection of inlet guide vanes have 
also been obtained in a concurrent investigation (reference 1) utilizing 
electrical resistant elements Embedded in a solid metal guide vane. 

APPARATUS AND MOllEIS 

The installation in the icing research tunnel of the five-guide- 
vane cascade and the surrcrundingduct ia shows in figure 1. The four 
tubes upstream of the vanes and the horizontal and vertical rakes 
downstream of the vanes were used to measure the pressure loss across 
the vanes. Additional wsll static taps were provfded for the pres- 
sure study. The horizontal rakewas gas-heatedandalltot;al-pressm 
tubes were electrically heated. The four duct walls, the inlet lips, 
and the center-support fairing were anti-iced by hot gas independent 
of the vane heating system. The guide vanes were thus the only sur- 
faces to collect ice during heat-off operation of the vanes. 

The heat supply for the five guide vanes consisted of compressed 
air heated In a heat exchanger by combustion products of a Jet burner. 
Cold air and. valving for mixing hot and cold gas as desired, as well 
ae a regulator for controlling the flow; were provided. The heated gas 
was distributed through a manifold to the five vanes; it then flawed 
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upward through the vanes into an outlet passage that exhausted into the 
tunnel air. The gas flow for the center vane was determined.by a cali- 
brated metering box in the line. The gas temperature was measured by 
thermocouples in the id&t manifold, the center-vane inlet and midpoint, 
and by a five-point thermocouple rake at the outlet. The center vane ma 
insulated&bother& frcanthe ductwalls andmanifolds. 

Surface-temperature measurements were obtained at midspan of the 
center vane by flush thermoaouples installed in small slots milled 
into the steel skin of the vane. The thermocouple Junctions were sol- 
dered into the slots and the surface faired smooth. The thermocouple 
leads were encased in small metal tubes‘that extended from the junctions 
in 8 spanwise direction in the slots for approximately 10 tube diam- 
eters; the tubes were next brought to the vane outlet through the gas- 
flow passage. The leads then joined a terminal strip located in the 
outlet-gas manifold. 

The chordwise location of the surface-temperature thermocouples, 
as well as sectional views of the three sheet-steel vanes investigated, 
is shown in figure 2. The over-all dimensions of the three vanes were: 
chord, 2.38 inches; solidity, 0.76; span exposed to air flow, ' 
5.90 inches; angle of attack, l5O; external area, 28.9 square inches; 
skin thickness, 0.020 inches; and leading-edge-cylinder diameter, 
0.18 inches. Additionsl information about the vanes is presented in the 
following table: 

Vane Internal Wetted 
flow area perimeter 
(sq in.1 b-1 

Vanes 2 and 3 were designed with exterr&l contours the same as those 
of vane 1 to illustrate the effect of modifications in the internal 
g8s passage. Vane 2 had a 0.020-inch-thick sheet-steel fin soldered 
to the vane skin at the internal leading edge and near the trailing 
edge on the concave surf'ace. The fin supported a spanwise insert of 
sheetmetal enclosing a dead air space, which reduced the net flow- 
passage area (fig. 2(b)). Vane 3 hadaspanwise insert of insulating 
material attached to the convex side of the vane (fig. Z(c)). For the 
external air-velocity survey, an additional vane was provided with 
flush static-pressure taps in the same positions 8s the surface- 
temperature thermooouples of vane 1. 
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CONDfTIONS AND PROCEDm 

For evaluating the heating and icing chara'cteristics of the guide 
vanes investigated, the following ncminal conditions were imposed; 

0 0.4 180 
280 

0.9 180 180 180 
280 280 280 

22 0.4 .180 180 180 
280 280 280 

0.9 180 
280 

. 
A calibration of the water oontent of ,the tunnel sir was made just 

upstream of the vane duct for the range of sir temperatures. The va;rla- 
tion in liquid-water content is shown in figure 3 as measured by stand- 
ard rotati~-cylinder technique when the water flow through the nozzles 
was held constant and the air temperature varied. The air was saturated 
at sll temperatures prior to sprays and the velocity was constant; 
therefore, the liquid-water content should also have been approximately 
constant. The reduction in meesured liquid-w&&er content at temper&- 
tures approaching the freezing point could be due to water blow-off 
frcxn the cylinders occurring because of slow freezing rates, and the 
reduction at lower temperatures could be due to freeze-aut 'of the spray 
droplets before reachingthe models. The calibration shcrwn in figure 3 
was used in con$unotion tith the spray water-flow readings to determine 
the effective wster content of the air passing through the guide vanes. 
The mean droplet diameter wss in the range of 10 to 15 microns. 

In order to determine the ae zmdynmlc losses caused by ice form&- 
tions onthe guide vanes, ioe was al&owedtoacaurmlate onthe unheated 
vanes and pressures upstream and dvtream of the vanes were obtained 
at short time intervals during the ioingperiod. The pressure readings 
were umally terminsted before sny ice accumulations were shed from the 
vanes in order to safeguard the total-pssure rake. Occasional dif- 
ficulty was experienced in maintaining the total-pressure tubes ice- 
free, tith the result that scBILe'vane wakes were not so well defined as 
plsnned. 
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The heating rates required to prevent icing on the guide vanes 
were determined by progressively d~&reasing the gas temperature at 
constant gas andairflow. Visual observations of the vane surfaces 
helped to-locate the marginal anti-icing heat requirements, but such 
observations were subgect to error when dense spray clouds caused low 
visibility. Surface temperatures taken at critical points provided a 
means of interpolation between readings at different heating inten- 
sities; the approach to freezing temperatures on the vanes was thereby 
more accurately determined. 

RESULTS MD DIS6USSION 

Aerodynamic Characteristics 

The velocity distribution over the external surfaces of the guide 
vanes investigated is shown in figure 4.. No discernible change in the 
velocity distribution occurred for the range of air velocities inves- 
tigated in both wet and dry air. 

The chordwise variation of the internal-gas-velocity profile is 
shown in figure 5 for the three guide vanes investigated. The veloci- 
ties were determined at the outlet end of the ~81x3s at points equi- 
distant from the passage side walls and showed little change in profile 
for the selected range of gas flows and temperatures. Vane 2 neces- 
sitated two velocity profiles, one on each side of the center insert. 
The velocity profile normal to the side walls was not determined, 
although large gradients near the walls would be expected. 

The wedge-shaped trail&g portion of the vanes offered such 
resistance to gas flow that the velocity was greatly reduced in this 
region. The gas velocity through vane 1 at a point 60 percent down- 
stream of the internal-passage leading edge was approximately 1.2 times 
the mass mean velocity and then decreased almost linearly to 0 at the 
internal trailing edge, At an internal chord length of 0.74, the 
velocity through the concave side of vane 2 fell to 0 at the junction 
of the internal fin and concave wall of the vane. The velocity dis- 
tribution through vane 3 and the convex side of vane 2, however, was 
considerably improved; it was above the mean mass velocity back to 
92 percent of the internal chord. Elsewhere in the internal passages, 
the principal deviation between the vanes was the tendency of the two 
modified vanes to have gas velocity ratios in excess of those for 
vane 1. Consequently, more peaked velocity profiles between passage 
side walls would be expected for vanes 2 and 3 than for vane 1, with 
larger percentages of the narrower passages occupied by low-velocity 
wall flow. 
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Icing Characteristics and Pressure Losses 
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Unheated vanes. - The nature of the ice formations that accumulate 
on unheated guide vanes can be observed In figure 6 for eight icing 
conditions and various icing times. A distinct dffference is apparent 
between the formations at a total air temperature of O" F and those at 
22O F. because the ice formations built out laterally at the high air 
temperature, a wide and nodular front was presented to the air stream; 
whereas at O"-F, where the ice built directly formed into the air 
stream, the leading edge maintained a regular, wedge-shaped cross 
section. The variables water content, air velocity, and icing time 
contributed principally to the amount of ice accretion. 

The pressure losses associated with these ice formations are 
presented in figure 7, where the pressure loss is plotted as a function 
of time under icing conditions. The losses increased rapidly at the 
22O F air temperature, especially at a water content of 0.9 gram per 
cubic meter; a maximum of 54 percent was reached in an icing time of 
3 minutes. The pressure loss showed a mfnor variation with air veloc- 
ity, a marked variation with water content, and an approximatelg linear 
variation with icing time. From figure 7 and the photographs in fig- 
ure 6, the losses at the higher water content were serious even at an 
air temperature of O" F; greater and more rapid losses may be antici- 
pated for cascades with gap and chord sizes smaller than those reported 
herein. 

Heated vanes. - Without ice on the vanes, the pressure losses 
ranged from 4 to 8 percent across the cascade. The losses with mar- 
ginal and submarginal anti-icing were briefly investigated. With 
insufficient heating, the vanes iced as shown in figure 8. The mid- 
chord regions of the'vanes were ice-free, the leading edg%s had slight 
deposits, and the trailing portions had considerably more ice. When 
the heating was submarginal, the pressure loss was increased approxi- 
mately 4 percent more by the ice showr~ in figure 8(a) then for the 
united condition. At-conditions nearer the margIna heating level, 
the residual ice deposits were small and presented the spotty appear- 
ance shown ti figure 8(b). Because of the upward gas flow through the 
vanes and the consequent spa&se t%mperature drop, the gas temperature 
w8s lowest at the top of the vane; heating dnsufficfent to prevent ice 
on the top half of the vanes resulted. 

Dry-Air Analysis 

, 

Preliminary investigation. - Prior to a determination of the 
anti-icing heat requirements, the guide vanes were fnvestigated for 
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heating characteristics in-dry air. Conduction effects at the vane,ends 
were briefly investigated by heating the vanes at zero air velocity 
8cross the v8nes. The %nd effects proved negligible. Another run was 
made with unheated vanes to determine the datum air temperature, which 
is equivalent to the adiabatic surface t%mperature. The chordwise 
surface temperatures were nearly constant and averaged 4O and l-So F 
below the tunnel total temperature for air velocities of 280 and 
180 miles per hour, respectively. 

Surface-temperature rise. - In dry air flow with continuous heating, 
the surface-temperature rise above the datum air temperature provides a 
direct comparison of the external heat-transfer rate between vanes of 
the same outside shape, but different internal configurations, sub- 
jected to the same flow conditions. Such a comparison is made in ffg- 
ure 9 for vanes 1, 2, and 3 at 298 miles per hour air velocity and 
heated by a gas flow of 120 poundsper hour with a mean gas tempera- 
ture approximately 195O F above the datum air temperature. Hollow 
vane 1 has considerably less heat transfer than the two modified vanes; 
the difference is greater at the trailing and leading edges. Vane 3 
has reduced heat transfer on the convex surface near midchord because 
of the insert, whereas vane 2 in this region has a wasteful expenditure 
of heat, as shown by the peak in surface-temperature rise. Vane 3 
displays a slight advantage over vane 2 at the trailing edge. 

Modification effectiveness. - The relative effectiveness of the 
modified vanes compared with the hollow vane in regard to heat trans- 
fer through the vane metal under the same gas- and air-flow conditions 
is derived in reference 2. The relative modification effectiveness, 
or the ratio of internal effective conductance of the modified vane 
to that of the unmodified vanes, is expressed as 

(All symbols used in this report are defined in th% appendix.) This 
effectiveness is plotted in figure 10 against the mass-velocity ratio 
=ovo~Gu for the leading edges and for av%rage surface values of . 
vanes 2 and 3. The trends are similar to those presented in refer- 
ence 2 for symmetrical airfoils of lo-inch chord length. The guide- 

'vane modifications investigated herein are less effective than the 
modifications in the airfoils of reference 2 mainly because the narrow 
leading- and trailing-edge portions of the gas pass&g% through the 

a van%s do not allow sufficient space for finning to the extent used in 

. 
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the symmetrical airfoils. For flow conditions typical of normal engine 
operation, the following values of relative modification effectiveness 
are representative: 

. . . . 
Vane Position Eff%ctiv%n%ss 

mod 
?g&- 

2 Surface aversge 1.8 
Leading edge 1.9 
Trailing edge 1.4 

3 Surface aver8ge 1.4. 
Leading edge 1.7 
Trailing edge 1.7 - . . . . 'G. ../' ? . 

The relative merits of the internal modifications in increasing heat 
transfer at the critical leading- and trailing-edge regions are shown 
in this table. Vane 2 increased the heat-transfer average over the 
surface by 80 percent over that for vane 1, y%t increased the trailing- 
edge heat transfer only 40 percent. Vane 3, however, was more effi- 
cient in that it increased the surface aver&g% only 40 percent and the 
leading and trailing edges by 70 percent. If equivalent blocking 
effects are assumed for the inserts In vanes 2 and 3, the addition of 
a leading-edge fin to vane 2 apparently increases the leading-edge 
heat transfer, whereas .the trailing-edge fin actually decreases the 
heat transfer by blocking off and decreasing the gas velocity in the 
trailing-edge section. 

Internal and external flow exponents. - Another important heating 
characteristic of the vanes may be evaluated from dry-air data, 
namely, the variation of internal heat-transfer coefficient wirth the 
gas flow. This variation may be determined by the method given in 
detail in reference 2. The exponents of gas flow in the equation for 
the gas heat-transfer coefficient hg are given by the slopes of the 
lines in figure 11(a). The three vanes have a gas-flow exponent of 
approx5matel.y 0.8. Established.formulas for fully developed tur- 
bulent flow in pipes have the same flow exponent, and the following 
equation will therefore be used for the subsequent analysis of the 
wet-air and anti-icing data: 

3 .-. - 

-- 1 & 

. 

. 

- 
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Strom the drylair data, the exponent of external air flow may be 
. obtafned as 8 function of the air he&%-transfer coefficient. The pipe- 

-N flow entrance effects were &ssumed negligible because the inlet portion 
'e of the vane8 (approximately 0.75 in. lozig) was not exposed to extermal 
.4 afrflow. FPgure ll(b) yields sever&l values of this exponent over & 

r8nge of g&a flows. The avemge exponent for air flow over both faces 
ofthetbree vanes w&s approximatelyO.84. Thfs power is midway between 
0.5 for laminar flow and 0.8 for completely turbulent flow. It is prob- 

' &ble, therefore, th&t turbulent flow existed over a large part of the 
convex surface and kmin&r flow over much of the conc&ve surf&ce. Under 
icing conditions, the extent of turbulent flow would doubtless be con- 
siderably increksed. 

Intern&l he&t-transfer coefficient. - The average externd heat- 
transfer coefficient over the vanes w&s also determined from the dry- 
air d&x. The following he&t-b&lance equation w&s utilfzed in calcu- 
lating the external he&t-transfer coefficient: 

'Cp(tg,i-tg,o) = %,8V ag(ts,Ew-t,) (3) 

The average dry-air coefficients were approximately 44 snd 84 Btu per 
hour per square foot per oF for air velocities of 180 and 280 miles per 
hour, respectively. 

Effective g&s-passage perimeter; - In calculating heat transfer 
through the vane met&l, the following heat-b&lance equation is fre- 
quently used: 

- h&g(tg,m-ta,8v) = %,av Aa(%,8vmtd (4) 

when equation (2) is used to determine hg, the proper values of the 
g&s he&t-transfer are& &nd perimeter are required. The wetted perimeter 
is not & suitable he&t-transfer perimeter for irregukz g&s pEfss&ges, 
especislly for those of vanes 2 and 3. The effective value of Ag c&n 
be evaluated approximately, however, from evrfmentally observed tern- ~ 
perstures, values of h&,&v from the dry-a* investigation of external 
he&t transfer, and values of hg calculsted from equation (2). The 
g&s heat-tr&nsfer area is then set equal to the product of an effective 
perimeter and the span; equation (4) accordingly becomes 

0.2 
0.3 

~.I.xIO-~ Tg,m vO.8 p" 
A'p 

me(tg,mmt,,&Vl = ~m(tS,&V-t&) (5) 
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By use of temperature -data obtained %n dry-airflows, the effective gas- 
passage perimeter was calculated for the three vanes and found to be 
substantially independent of air velocity and-gas flow.. The following 
effective-perimeter values were obtained for heat balances under wet- 
air and icing conditions and are compared with the corresponding wetted 
perimeters: .- -. 

Vane Effective gas Wetted 
passage perimeter perimeter 

(in.) (in.) . 
1 4.Qo 4.78 
2 4.27 8.43 
3 3.73 6.38 I --: 

These values show an effective increase in heat-transfer area over that 
of vane 1 because of fins Invane 2 and a decrease because of the 
unheated area of .vane 3. 

Anti-Icing Requirements 

Preliminary investigations. - The datum air temperature in wet 
air was determined for the unheated vanes to be-nearly equal to the 
tunnel total temperature at an air speed of 18Q.miles per hour and 
approximately lo F less at an air speed of 280 miles per hour. With 
unheated vanes in icing conditions, a surface-temperatu% rise results 
because of release of the heat of fusion of the freezing water. At 
the leading edge, this temperature rise reached a maximum of loo F. 

Variations in leading-edge temperature near marginal heating 
level. - A time-temperature trace of the leading edge of vane 3 in a 
severe icing condition is shown in figure 12. In addition, the 
chordwise surface temperatures are shown at the beginning and after 
10 minutes of exposure to the icing condftion. The mean-gas-temperature 
increase during this interval is. also shown. Initially the leading- 
edge temperature is 32O F until an ice covering sufficient to permit- 
melting of the fee at the ice-vane interface has accreted. During this' 

- .  , . - -  

.  _I 
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phElse the vane surf&ce temperature increases markedly, to &s high aa 50' F, 
until the ice is shed, whereupon. the surface returns to the ice point. 
This natural intermittent ice shedding occurred approximately at l-minute 
intervals. As the g&s temperature w&s incre&sed, the peak temperatures 
prior to shedding decreased, shedding became more r&pid, and the surface 
temper&ture tended to stabi.lj.ze &t the ice point. With a further increase 
in g&s temperature, the surfece became ice-free and the surfsee tem- 
perature rose steedfly, Durfng this lo-minute interval, the leading- 
edge temperature rose from 32O to 37O F, the average chordwise surface 
temperature rose from 44O to 54O F, but the *trailing-edge temperature 
rem&ined at &bout 13O F. The trailing portion of the vane remained 
iced (underheated) throughout this run. 

Chordwise temperature distribution. - In icing conditions, the 
chordwise variation of the heated-surface temperatures is illustrative 
of the chordwise efficiency of the vanes during anti-icing. Such E 
variation is shown in figure 13 wherein the three vanes are compared 
with respect to the variation &bout the average surface temperatures. 
The heating rate for the three vanes w&s such that all the thermo- 
couples were above 32O F and no ice WES evident. Because for vane 2 
much of the heat is delivered to the convex surf&ce, which is not a 
critical area, v&ne 2 is less efficient for anti-icing than vane 1. 
Based on the average chordwise surface temperature rise, a proportion- 
ately smaller temperature rise results at the trailing edge of v&n8 2 
than for v8ne 1. V&ne 3, compared with vane 1, fs equally efffcient 
at the trailing edge and considerably more efficient at the le&ding 
edge. The reduced surface temperature of vane 3 on the convex surface 
results in the Increased efficfency of vane 3; however, this tempera- 
ture does not become low enough to constitute a danger from refreezm 
of runb'ack moisture. The ideal chordwise distribution of surface-tern- ' 
perature ratio (ts-tE)/(ts,Ev- a t ) would be a line constant at a 
value of 1. In this respect, v&ne 3 is the best of the three v&nes 
investigated, but could be considerably improved, especially at the 
trailing edge. This improvement might be accomplished by isolating 
the trailing portion of the vane with an independent he&ted gas 
supply. 

The chordwise internal distribution of g&s temperature that 
sccompanied the surface-temperature distribution of figure 13 is shown 
in figure 14. This distribution is sfmilar to the velocity distribu- 
tion of figure 5. 

Heat requirements st spatise station, - The marginal anti-icing 
heat reauirements are presented on the basis of the sensible he&t in, 
the g&s-stream wcp(tglta) at E particular spanwise station. for which 
the heattig is Just sufficient to prevent icing on that station. The 
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station chosen herein is at midspan where the surface-temperature ther- 
mocouples are located. Heat requirements so calculated are independent . 
of span and can be directly applied in design calculations for similar 
vanes with different spans. 

In determining the margin&l heat requirements for anti-icing the 
three vanes at midspan, 8 suitable criterion is required. Because the 
trailing edge w&s the first point to ice when heating WEB decreased, 
the heat requirement would logically bc based on margin&i anti-icing 
at this point. If the leading edge is heated to the ice-free point, 
however, the remaining ice on the trailWg edge may be considered no 
hazard for vanes of the size investigated. In figure 8(a), the leading 
edges are nearly ice-free and the trailing-edge icing is well shown. 
Two sets of heat requirements were therefore obtained, one for mar- 
ginal anti-icing at the trailing edge and one for the leading edge. 
Extensfons of the data subsequently presented are based on the con- 
servative trailing-edge criterion. 

5 r-l 

The average surface temperature of the three vanes at the two 
marginal anti-icing conditions is shown in figure 15 for datum air 
temperatures from -21' to 32O F, air velocities. of 180 and 280 miles 
per hour, and a water content of 0.9 gram per cubic meter. Alarge 
difference in the average surface teeerature is evident-bett$een the 
leading- snd trailing-edge.ice-free conditions. The inefficiency of 
vane 2 in heating the trailing edge is 81~0 apparent. 

The he&t requirements at the midspan section for the same condi- 
tions ES figure I5 are presented in figure 16 with the addition of 
data for a water content of 0.4 gram per cubic meter. The variation 
in water content had a slight effect on heat requirements. The heat 
requirements were generally slightly higher at a water content of . 
0.9 gram per cubic meter than at 0.4 gram per cubic meter for the 
ice-free leading-edge condition; however, at the ice-free trailing- 
edge condition the opposite trend w&s found. Although the differences 
were slight and accurate water contents were difficult to maintain, 
the explanation for the decreased heat requirement with the larger 
water content at the trailing-edge.condition_Js probably that the 
increased water runback over the highly heated mldchord surfaces 
resulted in a higher surface temperature at the trailing edge. The 
heat required to maintain the trailing edges ice-free averaged about 
40 percent more than the corresponding requirements for ice-free 
leading edges. 

Because the data for figure 16 were taken at various values of 
gas flow and temperature,. no.d$re.ct comparison of heat requirements . 
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c&n be m&de between the three vanes. A comparison can be made, however, 
when the same g&s flow per unit flow passage area w/Ap is assumed and 
the he&t requirements are calculated accordingly. The d&t& of fig- 
ure 16(a) are replotted in figure 17(s) with g&s flow per unit flow 

z are8 assumed constant at 6x104 pounds per hour per square foot. In 
2 . making this conversion, the average external surface temerature and 

the heat-trrrhsfer aoefficient were assumed to be unaffected and the 
required mean g&s temperature w&s calculated. The gas flow of 
6~10~ pounds per hour per squ&re foot w&s chosen for comparison among 
the vanes because it was near the average flow through the three vines 
during the investigation and represented the least change to the d&t&. 
At the a6sume.d gas flow, the gas velocities were in the low subsonic 
range and the gas temperatures requiredbto obtain marginal conditions 
were within limits of practicability for current engines. 

From figure 17, vane 2 is seen to require more heating for com- 
plete midspan anti-icing than vine 3, although both require conslder- 
ably less heating than vane 1. At a datum air temperature of O" F, 
vane 1 requires intern&l he&t flows of 9200 &nd 7100 Btu per hour at 
air flows of 280 and 180 miles per hour, respectively. The heating 
requirements for vanes 2 and 3 Etre approximately 40 and 50 percent 
less, respectively, than for vane 1. 

The data of figure 17(a) are shown in figure 17(b) as a' function 
of the g&s temperature required for oomplete midsparr anti-icing when 
the gas flow is proportional to the g&s-passage are&. Vanes 1 and 2 
are practically equivalent in this comparison and vane 3 is slightly 
improved over the others. 

C8lcul8tions for ice-free vanes. - Anti-icing he&t requirements 
for different guide v&nes may also be compared in terms of the.g&s 
flow requtied for completely ice-free vanes havTng constant inlet-g&s 
temperatures. Such E comparison depends on specific span length. 
The subsequent calcul&tions were m&de for the 5.9-inch span investi- 
gated for arbitrarily chosen v&lues of inlet-gas temperature. In 
these calculations, the average surface temperatures required for. 
midspan anti-icing (fig. 15) were assumed to apply at the vane out- 
let. An estim&ted gas flow permitted a determination of the surface- 
temperature &verage at the vane-inlet end from the relation 

h&i A, s (tg,i-tS,i,&+) = 4L,8V(%,i,EV -t > 8 

The average surface temperature for the whole v8ne WEB then aSSUmed to 
be the me8n between the tilet and outlet values. From this value, the 

. 
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gas-temperature drop through the vane was calculated from equation (3) 
and the outlet-gas temperature determined. A check on the average sur- 
face temperature at the outlet, in which equation (7) was used, then 
indicated whether the initial estimate of gas flow was correct. 

The average air heat-transfer coefficients used in the calculations 
were the effective wet-air coefficients determined from all the runs 
under icing conditions by a method similar to that described for the 
dry-air coefficients. Because no consistent trends in the wet-air 
coefficients resulted for the variations encountered in water contents 
and surface temperatures, the average' external heat-transfer coeffi- 
cients were assumed constant over the vane span. The average effec- 
tive wet-air heat-transfer coefficients were found to be epproximately 
64 and 91 Btu per hour per square foot per oF at air velocities of 
180 and 280 miles per hour, respectively. 

The results of these calculations are presented in figures 18 to 
21. In figure 18, the gas flow required for vane anti-icing is plotted 
as a function of datum air temperature for airspeeds of 180 and 280 miles 
per hour, and constant inlet-gas temperatures of 500' and 300° F. A 
significant improvement fs shown in all cases +th the higher inlet-gas 
temperature. Calculations for vane 2 (not presented) indicated only 
slight savings in gas flow over v+ne 1. The main cause for the defi- 
ciency of vene 2 is the wasteful amount of heat transfer through the 
vane midchord with a large resultant gas-temperature drop in the vane. 
In order to maintain the necessary gas temperatures at the vane out- 
let, the gas flow was increased to the extent of nearly nullifying 
the local advantage of vane 2 over vane 1. Vane 3, however, was 
greatly improved over vane 1 and required only SO to 60 percent as 
much gas flow for the sameanti-icing performance. In figure 19 are 
presented four illustratfve gas-flow calculations (from fig. 18) and 
the corresponding values of gas-temperature drop tg,i-tg,o through 
the vane. A large range in value of the gas-temperature drop resulted, 
as exemplified by a range in vane heat-exchanger effectiveness 
(tg,i-tg,o)/(tg,i-ta) from 0.09 to 0.47. 

The heat-input requirement for vane anti-icing is shown in fig- 
ure 20 as a function of inlet-gas temperature for several values of 
datum air temperature. When the datum air temperature is loo F or 
above, en increase in inlet-gas temperature above 500° F does not 
appreaiably reduce the heat-input requirements;~whereas for air tem- 
peratures of O" F or lower, considerable savings are realized by 
increasing the inlet-gas temperature as much as possible. For example, 
the requirement for vane 1 for a datum air temperature of O" F and an 
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inlet-gas temperature of 300° F is ll,900 Btu per hour; whereas at an 
inlet-gas temperature of 600' F, the heating required is only 7600 Btu 
per hour. 

Ir; 
3 

The improvement of vane 3 over v8ne 1 is greatest at the most 
critfcal conditions for anti-icing; that is, low d8tum 832 temperatures 
8nd low inlet-gas temperatures. At 8 d&tUIU&ir bXtper8tUre of -20°F 
end an inlet-gas temperature of 300° F, the heat-input requirement 
for v8ne 3 is 39 percent as much 8s that for vane.1. At 20° F and an 
met-gas temperature of 600' F, the heat-input requirement for vane 3 
is 67 percent of that for vane 1. 

The g8s flow required for guide-vane ice prevention may be 
expressed in percent of air flow &cross the vanes. Such 8 relation 
is presented in figure 21 8s 8 function of inlet-g&s temperature end 
inlet-air velocity for vanes 1 and 3. At an Eir Velocity Of 280 mile6 
per hour (fig. 21(a)), the static air tewerature was approximately 
go F lower than the correspondkg datum air temperatures. At an 
inlet-gas temperature of 500' F, the calculated gas flow requfred for 
prevention of icing on a guide-vane stage of the hollow-vane type was 
approximstely 0.5 percent of the inlet-air flow et a datum air tempera- 
ture of O°F. At an inlet-air static temperature of O" F, the require- 
ment was approximately 0.4 percent of the air flow. The gas-flow 
requirement at this condition for a stage of the vane 3 type was 
approximately 0.2 percent of the air flow. . 

The gas-to-air flow ratio required for e&i-icing a guide-vane 
stage iS given in figure 21(b) 8s 8 function Of the inlet-air Velocity. 
The relation is shown for vanes 1 and 3 with inlet-gas temperatures 
assumedconstant at300° 8nd500OF for 8 d8tUQEir temperature Of 
O" F and water content of 0.9 gram per cubic meter. An increase with 
air velocity is shown in the gas-to-air flow percent requirement; this 
increase resulted from the 8SSumed constant gas-inlet temperature and 
variable g8s flow. By use of figure 21, guide-vane antf-icing heat 
requirements at -let-air velocities different from those investigated 
may be estimated. 

Pressure altitudes above 3500 feet were not investi@;ated; however, 
previous investigatirms have indicated that 8&i-icing heat require- 
ments do not vary greatly with altitude alone. 

In an inveati@iio.n af the Icing characteristice and anti-icing 
heat requdrements for a two-dimen&onal casoade of gas-heated inlet 
guide vanes havJng hollow end modified internal passages, the follow- 
ing results were obtained: 
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1. Losses in ram pressure up to 54 percent after 3 minutes of icing 
may result when ice forms on unheated guide vanes. The losses are . 
greater et air temperatures near 22O F than at O" F beCaUSe of the char- Ki 
acteristic shapes of ice deposits at the two temperatures. d. 

2. At 8 pErtiCUl&r SpanWiSe E&ttiOn, the heat flow in the internal 
gas stream required to prevent icing on an entirely hollow guide v8ne 
was approximately 9200 Btu per hour at a gas temperature of 273O F when 
the gas flow per unit passage area w&s at the rate.of 6~10~ pounds per 
hour per square foot 8nd when the following serious icing condition 
w8s imposed: datum air temperature;Oo F; air velocity, 280 milee per 
hour; water content, 0.9 gram per cubic meter. For the.same condition, 
the hesting requirements were reduced approximately 40 and 50 percent, 
respectively, when the vanes were modified internally by (8) 8 SpEnWiSe 

sheet-metal fin attached at the v8ne intern81 leading and trailing 
edges and supporting a center insert, End (b) a SpaIIWiSe insulating 
insert attached near midchord to the convex surface. The heating 
required to complete&y prevent icing on 8 guide-vane station wa8 
appoximately 40 percent more than that required to maint8in only an 
ice-free leading edge. -- 

3. For ice prevention over the complete vane.span and chord, the 
hollow vane required 8n intern81 haat flow at the v8ne inlet of 11,900 
and 7600 Btu per hour at inlet-gas temperatures of 300' and 600° F, 
respectively, in the serious icing condition previously mentioned. The 
vane modified with an insulating insert required Fran 39 to 67 percent 
8s much heat input a~ the hollow vane, depending onairand gas tempera- 
ture. Whengas atan inlet temperature of 500 o F w8s used, the hollow 
vane and the vane with an insert required gas flows only 0.4 and 0.2 per- 
cent, respectively, of the inlet-afr flow for oaplete ice prevention at 
an air velocity of 280 miles per hour,. a Fter cbntent of.0.9 gram per 
cubic meter, and an inlet-air static temperature of O" F. 

4. The vane with fin and insert required nearly as much heat input 
as the hollow vanebecause of a high heat-dissipation rate over most of 
the chordal extent of the v8ne except at the trailing edge where the 
internal-g8s velocity and temperature were ccunparatively low. The VETE 
with only an insert h8d the greatest heating rate at the trailing edge 
and the gre8teet efficiency in chordwise k&t transfer. 

Lewis Flight Propulsion LabOrEtOrg, 
National Advisory Cormnittee for Aeronautics, 

Cleveland, Ohio. . 
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The following symbols are used in this report: 

heat-transfer area, sq ft 

flow passage net area, sq ft 

vane chord length, in. 

internal passage chord length, In. 

specific heat of air at constant pressure, Btu/(lb)(°F) 

gas flow per unit flow passage area w/3600 ApJ 1b/(S8C) (Sq ft) 

acceleration of gravity, 32.2 ft/sec2 

air total pressure, lb/sq ft 

convective heat-transfer coefficient, Btu/(hr)(sq ft)(°F) 

vane span, ft 

internal-passage perimeter, ft 

dynamic pressure 
t ) 

$ PV2 , lb/sq ft 

vane external ChOrdWiS8~SUrfaCe length, ft 

distance along chordwise surface from leading edge, in. 

absolute temperature, "R 

temperature, "F 

velocity, ft/sec 

gas flow, lb/hr 

chordwise distance from fnternal leading edge, In. 

density, lb-sec2/ft* 
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Subscripts: 

a 

av 

e 

Q 

i 

2 

m 

mod 

0 

8 
. 
u 

0 

1 

external air conditions 

average 

effective 

internal gas conditions 

inlet end of gas passage 

local 

mean between inlet and outlet of gas passage 

modified vane 

outlet end of gas passage 

external vane surface 

unmodified vane 

inlet ambient conditions 

conditions downstream of vane oascade 

1. von Glahn, We, and Rlatz, Robert 3.: Investigation of Power 
Requirements for Ice PreVentiOn and Cyclical &+Ici.ng of Inlet 
Guide Vanes wtth Internal Electrrc Heaters. NACA RM E5OH29. 

2. &?8y, V&n H.: IUiprOVem8ntS in Beat Transfer for A&i-Icing of 
Gas-Heated Airfoils with Internal Fins and Partitions. NACA 
TN 2126, 1950. 
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(a) L&t front view. 

(b)Ri&tfronttiewahminginet rlmtentat10n. -397 
C-23642 

Bfgure 1. - betallaticu of inlet guide vane Fn icing research tunuel. 
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,V Thermocouple location 
0 Thermocouple leads 

(a) Vane 1; fully halloW. 

TDead-air space 

(b) Vane 2; internal fin and insert. 

(c) Vane 3; internal insulating insert. 

Figure 2. - Sections of three gas -heated inlet guide Vanes0 
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Air total temperature, OF 

Figure 3. - Variation of indicated liquid-water con- 
tent with air total temperature for constant spray- 
water input. Air velocity, 280 miles per hour; 
mean droplet diameter, lo-15 microns. 

1.6 

Surfah 
Convex 0 

I3 Concave 

0 .2 .4 .6 .8 1.0 
Surface distance/chord, s/C 

Figure 4. - Chordwise variation of local air velocity. 
Inle't-air velocfty, 302 miles per hour; total air 

ca40 R, 
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Figure 5, - Chordwise variation of Internal gas velocity. 
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(a) Air velocity, l-80 miles per hour; 
air total temperature, g0 F; water 

omtent,L0.4 gram psr oubio meter; ioing 
the, 112 putes. 

(b) Air velocity, 180 miles per hour; 
air total temperature, 0' F; water 
aontent, 0.9 gram per cubic meter; 
icing time, 7 IollMies. 

(c) Air velocity, 280 idles per hour; 
air total terqdmtur.0, O" B; water 
content, 0.4 gram per cub$o meter; 

idng tlnle, 9 Itllnutes. 

(a) Air valooity, 280 midge per hour; 
air total temperature,0 F;watm' 
ccatent, 0.9 gram per cubic meter; 

iolng time, 11 minutes. 

FQure 8. - Ichg ohe3mcteristic.e uF mhested vanes. - 
C-25798 
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(8) Air velocity, 180 milgs per ho& 
airtotaltamperature, 22 F;water 
canted, 0.4 gcam per cubuo me.ter; 

icing time, 10 InlIlutes. 

(f) AFr velocity, 180 miles per hour; 
airtotaltemperature,22° F; water 
content , 0.9 gram py cubic meter; 

iobg time, 32 m5nutes. 

(g) Air velocity, 280 mibes per hour; 
air total tempratua, 22O F; water 
content, 0.4 gram pr cubicmeter; 

iohg time 42 luaute.e. 

(h) Air w+ocity, i80 miles per hour;- 
air total temprature, 22O B; water 
content, 0.9 grem per cubic meter; 

iowg time. 4 m;nutes. 

Figure 6. - ConolLlaed. Ioing cheraoteristlos of mheated VaIlEE. 

- 
C-25799 
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I I I L 
Air Air total 

velocitg temperature 
(mph J tom 

"(a) Water content, 0.4 gram per cubic 
meter. 

Icing the, min 

(b) Water content, 0.9 gram per cubic 
meter- 

Figure 7. - Pressure loss acroaa cascade of 
unheated guide vanes as function of icing 
time l 
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(a) Air velooity, 280 miles per hour; akr total tempexwture, O" F; water oontent, 0.9 gxw.u 
per oubio meter. 

(b) Air velocity, 180 miles per hour; air total temperature, 
per oubio meter. 

O" B;,water content, 0.9 grm 

FQure8. - Tgpioallclngwith eubmrgfnalheating. 
c.25800 
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1 
20 

3 2 1 0 1 2 3 
Surface distance, a, in. 

Ffgure 9. - Chordwise surface temperature rise in dry air flow 
for three gas-heated vane.s* Air velocity, 298 miles per 
hour; gas flow, 120 pounds per hour; mean gas-temperatwe 
differential, (tg,m-ta), 195' F. 
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V-e Poaition 
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ii 
2 Surface average- 

---- * 2 Leading edge 
z cl 3 Surface average 
: 2.2 M-m- -9 3 Leading edge 

'II 1.4 8 
$ 4 4J 
4 
2 1.0 

1.4 1.8 2.2 2.6 3.0 3.4 3.0 
Mass-velocity ratio, v 

Figure 10. - Relative modiflcation.ef.f?ctivqmes. of vanes .Z 
and-3 as function of mass velocity ratio. 



NACA RM I250108 35 

, 

‘me Ail? 
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1 180 
1 280 
2 280 
3 180 

Exponent 
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GELS flow, w, lb/k 

I 0 34 0.62 
. 

* / 4' : $54 :65: 
/ 

-RY 
0 119 .75 

I 119 .68 / 0 . A 196 .61 
Vane aVm 'rn 

(a) Gas-flow exponent. 

I I I L’ I Gaa flow ExDonent I 

.6 
.3 .4 .6 .8 1.0 

Product of air velocit 
vopo, lb-set cu ft 7 

and density 

(b) Air-flow exponent. 

Figure 11. - Determination of gnternal and external flow 
exponents. 
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1.6 

.6 

.4 
Surfaae di stanas/ahord, a/C 

Figure 13. - Chordwise surface-temperature diatributlon for 
three vanes fn Icing aondltion with heat- in excess of 
anti-iaing requirement. Air velocity, 280 ml-lea per hour: 
datum air temperature, O" F; water aa?Ltent, 0.9 gram per 
aubia meter. 
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.,I 
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I .' Vane 
L 0 1 

0 l 

2 Concave side 
2 Convex side 

1 3 

Internal-chord-length ratio, x/c 

Figure 14. - Chordwise distribution of internal gas 
temperature for three vanes. Air velocity, 
280 miles per hour; datum air temperature, O" F; 
water content, 0.9 gram per cubic meter. 
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‘““I I I ’ ’ ’ Vane Air vek 

I n \I 
13011Y 2 

30 I 
--40 -20 0 4 

Datum air temperature, ta, OF . 

(a) Ice-free trailing-edge condition. 

280 

z 
180 
280 

i 

1 40 

Figure 15. - Effec.t of datum air temperature 
on average chordwzse surface temperature of 
three inlet guide vanes with marginal anti- 
icing. Water content, 0.9 gram per cubic 
meter. 
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110 I I 
l I I 

T Vane Air velocity 

180 
280 
180 
280 

ii:: 

Datum air temperature, ta, OF 

(b) Ice-free leading-edge condition. 

. - 

Figure 15. I Concluded. Effect of datum air 
temperature on average chordwise surface 
temperature of three inlet guide vanes with 
marginal anti-icing. Water content, 0.9 
gram per cubic meter. 
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(a) Ice-free traflhg-edge condition. 

Figure 16. - Heat requirements at various-gas floss for marginal anti- 
icing at midspan of three vanes. 
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Datum air temperature, tR, OF 

(b) Ice-free leading-edge condition. 

Figure 16. - Concluded. -Heat requirements at various gas flora for 
marginal anti-iaing at mldspan of-three vanes. 
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16,000 I I I 
Vane Air velocit: 

1 5 (mph 

s z t 
180 
280 

+ 12,000 E 
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I 
b -- 

Datum-air temperature, tar OF 

(a) Marginal heat requirement, wcp(tg,m-ta). 

Figure 17. - Comparison for three vanes of mar- 
ginal requirements for ice-free trailing edges 
at midspan. Nominal water content, 0.9 gram 
per cubic meter; assumed gas flow per unit 
internal area, 6X104 pounds per hour per square 
foot. 
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Vake A& velkitq 
(mph ) 
180 
280 

SE? 
180 
280 

Datum air temperature, ta, OF 

. (b) Mean gas-temperature differential 
requirement, tg,m-ta* 

Figure 17. - Concluded. Comparison for three 
vanes of marginal requirements for 'Ice-free 
trailing edges at midspan. Nominal water 
content, 0.9 gram per cubic meter; assumed 
gas flow per unit internal area, 
6X104 pounds per hour per square foot. 
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Figure 16. - Calculated gas flow required to maintain full apanwise and 
chordwfse ice prevention with inlet-gas temperature assumed constsnt 
at 300° and 500' F. Nominal rater content, 0.9 gram per cubic meter. 
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Vane I . Air Inlet-gaa T 
velocity temperature 

(OF> 

Gas flow 
-m-m- 

l 
,040 
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-20 0 20 40 

Datum air temperature, tar OF 

Figure 19. - Typical calculated values of 
gas flow and gas'-temperature drop for 
two completely ice-free vanes as 
function of datum air temperature. 
N,ominal water content, 0.9 gram per 
cubic meter. 
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32.0001- 

I iatlnil' air - ---- 
temperature 3' 

tat OF 
28,000, k I 

-20 

Inlet-gas temperature, tg,i, OF 

Figure 20. - Calculated heat input required for 
complete ice prevention on vanes 1 and.3 as 
function of inlet-gas temperature for range of 
datum air temperatures. Air velocity, 280 miles 
per hour; nominal water content, 0.9 gram per 
cubic meter. 
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(a) Variation with inlet-gas temperature. Air 
velocity, 280 miles per hour; nominal water 
content, 0.9 gram per cubic meter. 

E50108 
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Figure 21. - Gas flow, expressed in percentage of 
inlet-air flow, required for heating lnlet-guide- 
vane stage for complete fee prevention. 
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Inlet air velocity, mph 

(b) Variation with inlet-air velocity. Datum air 
temperature, O" F; nominal water content, 0.9 grarq 
per cubic meter. 

Figure 21. - Concluded. Gas flow, expressed in per- 
oentage of inlet-air flow, required for heating 
inldt-guide-vane stage for complete ice prkvention. 
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